Abstract: Epoxy encapsulant with high glass transition temperature (T g ) is required to ensure light emitting diode (LED) functions properly during its service life. Epoxy blends (cycloaliphatic epoxy, diglycidyl ethers of bisphenol-A and novolac resin) were thermally cured using methylhexahydrophthalic anhydride. Effects of the three types epoxy resins on the T g of the ternary blends were examined. The T g was mainly controlled by the concentration of cycloaliphatic epoxy. Optimization with constraint was conducted to produce epoxy blends formulation with optimum T g . It was found that linear mixture model can fit well the experimental T g of the epoxy ternary blends.
Introduction
In recent years, light emitting diode (LED) has received considerable attention in the lighting industry. This is attributed to the fact that LED offers numerous advantages over the incandescent, neon and fluorescent light sources. LED generates less heat, lasts much longer, consumes lower energy, and contains no mercury. Commonly, LED is encapsulated by the epoxy resin to protect the electronic components from environmental exposure. Epoxy resins are classified as the most promising raw materials for the LED encapsulation applications as they possess good light transmission and a high glass transition temperature (T g ). In addition, epoxy resins also offer excellent dimensional and thermal stability, good electrical properties, excellent mechanical properties, as well as the ease of processability and handling [1] [2] [3] .
Generally, epoxy resins used in the LED encapsulation nowadays are blended with other types of thermosetting materials [4] [5] . Most epoxy resins are rarely utilized isolatable in the LED industry due to their imperfection to impart desirable end properties to the final products. For example, cycloaliphatic thermoset (ECC) is brittle; diglycidyl ether of bisphenol-A thermoset (DGEBA) exhibits low elongation at break after cure; and epoxidized novolac thermoset (NV) experiences discoloration after ultraviolet light exposure [5] [6] [7] . Considering these facts, much work has been implemented to improve and to optimize the properties of the epoxy blends. DGEBA resin is blended with the ECC resin to suppress the discoloration and to improve the thermal stability of the epoxy blends [8] [9] [10] . Kumar et al. [5] reported that there is a synergistic blending effect of the ECC/NV blends on the pendulum hardness, tensile strength and the glass transition temperature (T g ). Unnikrishnan & Thachil [7] also found that blending of about 10-15 wt% of NV resin with DGEBA resin gives rise to an amendment in the properties of the DGEBA/NV blends, such as an improvement in tensile strength, and elongation to break. Kwak et al. [8] and Morita [9] reported that the increase in ECC concentration in the ECC/DGEBA blends can reduce the curing activation energy and enhance the cure reaction rate.
Generally, T g is one of the important criteria for the LED encapsulation application. A high T g is commonly needed for the epoxy encapsulant to ensure LED works properly during its service life. This is due to the fact that the LED encapsulant tends to degrade when being exposed to a temperature higher than that of its T g . The wirebond connecting the p-layer with the LED lead will also break when the T g of the LED encapsulant is reached, either from the excessive drive current or high ambient conditions [11] . This will subsequently give rise to the delamination between the chip and the epoxy. The mismatch of thermal expansion as a result of the rapid expansion of the LED encapsulant after reaching its T g will also cause the device failure mode and mechanical damage to the LED.
Traditionally, experiments are always performed in a manner that the effect of one un-known factor confounded with the effect of other factors is not taken into consideration. This will eventually increase the difficulty and complexity to analyze and interpret the results from the experiment and therefore, results may vary from trial to trial. Design of experiment (DOE) was then used to distinguish the observed differences into those influenced by various factors and those caused by the random fluctuation. A good DOE design will significantly minimize the confounding, variances and bias in the numerical characterization of the unknown key parameter in the system. Thus, a more fruitful, valid and reliable conclusion about a situation can be drawn using the approaches of DOE. Kardar et al. [12] used the mixture experimental design to determine the effect of the multi-functional acrylate monomers on the ultraviolet-cured epoxy acrylate thermosets. Kumar et al. [5] used the D-optimal experimental design to study the effects of the ultraviolet-cured epoxy blends composition on the end properties of the cured film.
The composition of thermally-cured epoxy ternary blends for the LED encapsulations was developed and optimized using D-optimal mixture experimental design in the present study. D-optimal mixture design is a computer-aided design which creates the optimal set of experiments based on a selected optimality criterion and the model that will be fit well [13] . The effects of the compositional variables and the functional relationship between the variable parameters and responses were also studied. Optimization with constraint was then carried out to obtain the overall acceptable final properties of the epoxy ternary blends. The T g value of the epoxy ternary blends obtained experimentally was also compared with the T g predicted using the D-optimal mixture experimental design, Fox equation and additive rules of mixture (ROM).
Results and Discussion
The glass transition temperature (T g ) of the 14 different ternary mixtures generated by the D-optimal mixture experimental design was determined using the DSC. The T g (response values) of these 14 experimental compositions were displayed in Tab 1. The direct and the synergistic effects of these compositional variables as well as the relationship between the variable parameters and the responses was inspected by constructing ANOVA, followed by interpreting mathematical models developed.
According to Tab 2, a linear mathematical model was found to represent and fit the experimental data established by ANOVA nicely. A very small probability, about 0.01%, that the chance of a Model F-Value takes place due to noise or chance variation. The model F-value is the Mean Square (Regression) divided by the Mean Square (Residual).
Tab. 1.
Material compositions based on D-optimal mixture design.
In other words, a small probability associated with F-value indicates that the linear mixture components are significant model terms. Also, there is a 78.64% chance that a Lack of Fit F-Value can occur due to pure errors. The non-significant lack of fit implies that the T g response is likely to be modeled with a linear mixture model. In addition, the predicted R 2 of 0.6532 is in agreement with the adjusted R 2 of 0.7668, and the model signal-to-noise ratio of 11.493 indicates a sufficient signal for the model to be used to navigate the design spaces. The lowest standard deviation, high R 2 statistics and the lowest PRESS also give us a hint that the linear mixture model is the most appropriate model to fit the T g response of the epoxy ternary blends. Equation 1 exhibits the linear mixture model (in terms of the pseudo-components) which sufficiently represents the data for the T g response.
where A is cycloaliphatic epoxide (ECC), B is diglycidyl ether of bisphenol-A (DGEBA), and C is epoxy novolac resin (NV).
The linear mixture model used to predict and fit the T g (response) of the epoxy ternary blends is diagnosed and validated using the Design-Expert plots as shown in Fig 1, instead of dwelling upon all these statistics. It is noticed in Fig. 1 (a) that the normal probability of studentized residual plot basically follows a straight line. This indicates no abnormalities, and there are no indications of any error terms in the data obtained. Furthermore, the spread of the studentized residuals is almost the same across all levels of the predicted values as illustrated in Fig. 1 (b) . The outlier T plot as shown in Fig. 1 (c) also indicates that all points in this case fall within the ± 3.5 standard deviation limits. The low confidence interval is detected to be -4.31, whereas the high confidence level is found to be 7.41 as shown in Fig. 1 Referring to Eq. 1, it is clearly noticed that the coefficient follows the sequence as of A > B > C. This may give us a hint that the ECC thermosetting resin implies the greatest influence on the T g , followed by the DGEBA resin in the epoxy ternary mixture. NV resin produced epoxy thermosets with the lowest T g value. The effects of these compositional variables on the T g value can also be observed clearly based on the contour and trace plots as shown in Fig. 2 (a) and Fig. 2 (b) , respectively. ECC resin exhibits a very strong positive effect on the T g compared to that of DGEBA and NV resins because of its higher reactivity of epoxy/anhydride polymerization reactions. This rapid cure response of the ECC resins during the crosslinking process is ascribed to their inherent chemical structures. The cyclic backbone structure of the ECC resin enables the crosslinking reaction to take place without facing much steric hindrance effect of the bulky side group. This will eventually lead to a higher degree of curing and a higher degree of crosslink formation. Also, the compact structures of crosslink formed in the ECC resins upon the curing process will give rise to a higher T g . In comparison to ECC resin, it is determined that the effects of DGEBA and NV resins on the T g are less significant. This is due to the fact that both DGEBA and NV resins possess relatively higher epoxy equivalent weight compared to that of the ECC resins. The lack of the crosslinking sites will reduce the crosslink density, and subsequently lead to a lower T g for the thermoset. This is also proven in the DSC experimental result shown in Fig. 3 that the exothermic heat (ΔH) generated for a fully cured ECC thermoset is much higher than that of the DGEBA and NV thermosets. The lower ΔH values of the DGEBA and NV thermosets indicate a lower degree of curing and a lower degree of crosslinking formation. Hence, epoxy thermoset with a lower T g value is obtained. It is worthwhile to notice in Eq 1 and Fig. 2 that both the DGEBA and NV resins show similar effects on the T g of the epoxy ternary blends. However, the NV resins play a more important role in influencing the T g of the blends at relatively low concentration compared to that of DGEBA resins. At higher concentration, the effects of the DGEBA resins on the T g of the epoxy ternary blends become more dominant. These phenomena are believed to be attributed to the resins' viscosity and the chemical structures of the resins. The addition of a relatively small amount of the NV resin into the epoxy ternary blends provide high T g as the NV resin possesses three or more pendant epoxy groups and high epoxy functionalities on its phenolic backbone chain per molecule. In general, the higher epoxy functionality will lead to a more close-knit crosslink network. This is responsible for the high crosslink density and T g . Hwang et al. [14] also found in their study that the T g of the epoxy system is a function of epoxy functionalities. In addition, the bulky phenolic structure of the NV resin has dominated effects on the T g . This is due to the fact that the rigid backbone structures will highly restrict the internal rotation and movement of the molecular chains, giving the epoxy ternary blends a higher T g value. In other words, the bulky chain segments will absorb a higher thermal energy to move with greater freedom, leading to a higher T g value. This is basically in agreement with the finding reported by Abad et al. [15] , who also determined that epoxy networks containing rigid and bulky backbone structures possess higher T g . However, the opposite result for the T g is observed when the concentration of the NV resin in the epoxy ternary blends is high. This can be explained by the lowering of the polymerization reactivity of the epoxy blends. The bulk of the phenyl groups present in the NV backbone will hinder the diffusion of the crosslink agent to form the crosslink network. This leads to a reduction in the extent of crosslinking and, therefore, a decrease in the T g .
Fig. 3. Enthalpy changes for ECC, DGEBA and NV thermosets.
DSC results as shown in Fig. 4 also display that the onset curing temperature of the pure NV thermosets is higher than that of the ECC and DGEBA thermosets. This is mainly attributed to the slow cure responses and low polymerization reactivity of the NV resins as a result of their bulky structures. Moreover, the cured NV resins are unable to densely pack among each other due to their bulky structure. Instead, the regularity of the NV chain structure in the epoxy ternary blends is highly disordered. These will eventually account for the increase in the free volume resulting in a greater inter-molecular motion, and a tremendous decrease in the T g . Ye et al. [16] and Ghost et al. [17] also agreed that there is a relationship among the free volume, the molecular structures and the T g .
Generally, the T g of the ternary epoxy blends is highly influenced by the concentration of the three different types of the epoxy resins. Hence, an effort to optimize the compositional variables is needed to ensure the T g of the epoxy blends can be optimized without causing the further increase in the manufacturing and investment costs.
Fig. 4. DSC thermogram of uncured epoxy systems.
Epoxy ternary blends which suits for the LED encapsulation should possess T g of at least 140 o C. The concentration of both ECC and NV resins in the three-component mixture solution should not exceed 50%. Provided with these constraints, the resinoptimized formulation for the epoxy ternary blends with desired T g could be generated using the analyzed model. Tab 3 shows the 10 suggested softwarederived solutions for the resin-optimized formulation whereas, Fig. 5 (a) and (b) display the overlay plot and the 3D surface plot of the constrained region of the experiments, respectively. To validate the linear mixture model as displayed in Eq. 1, the T g of the 10 suggested software-derived solutions for the resin-optimized formulation are checked and confirmed experimentally. Fig. 6 shows the experimental T g versus the predicted T g of the epoxy ternary blends. It is clearly noticed in Fig. 6(a) that the linear mixture model fits the experimental T g nicely and accurately. This finding indicates the linear mixture model can be used to predict the experimental T g with insignificant lack-of-fit. Furthermore, the T g of the epoxy blends with different compositions was also predicted using the additive rule of mixture (ROM) and Fox equation as shown in Eq. 2 and Eq. 3 respectively. The predicted T g is then compared with the experimental T g obtained using DSC as displayed in Figure 6 (b) and (c). Referring to Fig. 6 (b) and (c), it is clearly noticed that Fox equation and additive rule of mixture are unsuccessful to fit the experimental T g of the epoxy ternary mixture with different compositions accurately. These two equations are found to be less accurate in predicting the experimental T g of the epoxy blends mainly because of the limitations and assumptions made during deriving these equations. It is assumable that the T g of the pure resins to be identical to each other when deriving the Fox equation whereas, the additive rule of mixture is valid if the ratio of the T g of the virgin components is close to unity [18] . The predicted T g value tends to deviate from the experimental T g considering there is a huge difference in the T g between the components which make up the epoxy ternary blends. Also, Fox equation and additive rule of mixtures are found to work well for two factors [18] [19] [20] , but as the factors increase, they will become less concise. On the contrary, optimization with the D-optimal experimental design works well for three factors [5, [21] [22] [23] , and in turn, gives rise to the good fitting to the DSC experimental data as shown in Fig. 7 (a) . Tab. 4 illustrates the T g of the LED encapsulants fabricated using different types of epoxy-based materials. It is clearly noted that the T g of the LED encapsulant is influenced by the types of the epoxy resin used (i.e. reference [24] and [25] ), the epoxy blends (i.e. in the case of current study and, reference [4] , [5] and [26] ) and the epoxy/silicone hybrid system (reference [24] and [27] ). Generally, the siloxanemodified LED epoxy encapsulants provide excellent optical transparency, but they suffer from shortcomings in terms of low T g and large coefficient of thermal expansion [24] . Neat epoxy resin provides outstanding properties, but the resin is barely used alone to encapsulate the LED owing to its limitations as reported in previous section. Refer to Tab 1 (Run 1), in our present study; the optimized epoxy ternary blends (ECC/DGEBA/NV) with the mixing ratio of 35:58:7 can achieve a T g value of about 143.4 o C, which is sufficiently high for the LED encapsulation application. It was also found that the epoxy blends prepared in this work shows better properties compared to the currently existing LED encapsulants. Specifically, the epoxy ternary blends exhibit sufficiently high T g (i.e. 143.4 o C), high refractive index (i.e. 1.513), and excellent thermal stability with no weight loss at the soldering temperature (i.e. 260 o C). In addition, the epoxy ternary blends can be thermal-cured at relatively low curing temperature (i.e. 130 o C) and short period of curing schedule (i.e. 3 hours) to achieve desirable end properties.
Tab. 3. Experimental and model-predicted T g for epoxy blends.
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Tab. 4. T g of epoxy-based materials used in LED encapsulation.
Types of Materials
Crosslinking 
Conclusions
Epoxy ternary blends for the light emission diode (LED) encapsulation were derived from cycloaliphatic epoxy, diglycidyl ethers of bisphenol-A, and epoxy novolac using the D-optimal mixture experimental design in this present work. The glass transition temperature (T g ) of the epoxy blends was mainly contributed by the cycloaliphatic epoxy, followed by the diglycidyl ether of bisphenol-A and epoxy novolac. It was also found that the T g of the epoxy ternary blends could be modelled by a linear mixture model. This linear model was found to predict the experimental T g of the epoxy blends with insignificant lack-of-fit. However, additive rule of mixture and Fox equation were unsuccessful to predict the experimental T g of the blends. The T g of the epoxy ternary blends was also optimized using the optimization with constraints. Among the 10 desirable solution recommended, it was found that the formulation made up of 35 wt% of the cycloaliphatic epoxy, 58 wt% of diglycidyl ether of bisphenol-A, and 7 wt% of epoxy novolac was suitable for the LED encapsulation application. This is due to the high T g and practically feasible of this formulation to be used for LED encapsulation.
Experimental
Materials
Cycloaliphatic epoxy, diglycidyl ethers of bisphenol-A, epoxy novolac resin, and methylhexahydrophthalic anhydride (curing agents) were supplied by CAPE Technology Sdn Bhd (Malaysia). All the materials used in this work were of industrial grade and were used without further purification. The molecular structure, viscosity and the epoxy equivalent weight of each epoxy resin are summarized in Tab. 5. The anhydride equivalent weight of methylhexahydropthalic anhydride curing agent was approximately 168.2.
Design of Experiment
D-optimal mixture experimental design (Design-Expert 6.0.6 software, Stat-Ease, Inc.) was used to develop an appropriate composition of epoxy ternary blends for the light emitting diode (LED) encapsulation application. 14 different epoxy ternary mixtures distributed in the simplex-lattice spaces were generated by the computer software. The response obtained from the experimental data (i.e. glass transition temperature, T g ) was inserted into the Design-Expert software, and was analyzed by the software. The summary statistics of the model fit and the statistical analysis (ANOVA) of the epoxy blends analyzed would then be generated. Constraints were also assigned on the component proportions in the epoxy ternary blends to optimize the formulation of the LED encapsulations, and to ensure the blends was practically feasible. Specifically, the T g of the epoxy ternary blends should be greater than that of 140 o C, and both the cycloaliphatic epoxide and epoxy novolac resin in the ternary mixture should not exceed 50%. Provided with these constraints, 10 suggested software-derived solutions for the resin-optimized formulation were generated automatically by the Design-Expert software.
Preparation of Epoxy Blends
Cycloaliphatic epoxy, diglycidyl ether of bisphenol-A and epoxy novolac resin were blended at a predetermined composition to prepare the epoxy blends. The mixture of the epoxy resins was heated at 80 o C using a hot plate and was stirred mechanically for one hour until a homogeneous mixture of the liquid epoxy blends was obtained. Each of the 14 different ternary epoxy mixtures generated by the D-optimal design was mixed with the methylhexahydrophthalic anhydride curing agent in a stoichiometric ratio (R) of 1.0.
Differential Scanning Calorimetry (DSC)
The glass transition temperature of the epoxy ternary blends was measured using the differential scanning calorimeter (DSC Diamond Analyzer, Perkin Elmer, USA). 20 mg of the uncured liquid mixture was placed and sealed into aluminium pan. Then, the mixture was subjected to thermal scanning from 30 o C to 250 o C at a heating rate of 20 o C/min, held at 250 o C for 1 min, followed by cooling from 250 o C to 30 o C. Second scanning similar to that of the first scanning was then performed.
Fabrication of LED
The epoxy ternary blends and the methylhexahydrophthalic anhydride curing agent with the predetermined ratio, were mechanically-mixed until the homogenous mixture was achieved. The mixture was then poured into the cavities of a silicone mould, followed by the lead frame insertion. Finally, the mixture was subjected to the thermal curing in an oven at 130 o C for 3 hours to fabricate the LED as illustrated in Fig. 7 .
Fig. 7. Structure of lab-made LED
